Objective-We ascertain whether pediatric obesity without clinically-significant insulin resistance (IR) impacts brain structure and function.
Introduction
With the rise of sedentary lifestyles and ready access to inexpensive high caloric density foods, the prevalence of obesity is rising at an alarming rate and is a major risk factor for type 2 diabetes mellitus (T2DM), cardiovascular disease as well as other adverse health conditions (1) . Currently in the United States, 17% of children are obese and an additional 18% are overweight (2) and 6% of them are morbidly obese with a body mass index (BMI) above 40 kg/m 2 . Obese youths are likely to become obese adults and are at risk for the same diseases faced by obese adults, but regrettably, at much younger ages and demonstrating more severe and harder to treat forms of disease (3) .
There is a sizable literature documenting the negative brain consequences of obesity in adults (e.g., 4), with frontal lobe-based functions being particularly vulnerable (5) . In contrast the pediatric literature is less well developed and the cognitive findings are much less consistent. Some reports demonstrated lower general intellectual functioning (6) and academic achievement (7) , lower mental flexibility (8) , and difficulty with attention and set shifting (9) in obese children. However, better powered studies focusing on less severe forms of obesity failed to identify such associations (e.g., 10 ).
There are also a handful of reports documenting brain circuits that may be involved in obesity (e.g., 11, 12) . These reports very likely included obese individuals with clinicallysignificant insulin resistance (IR), a common co-morbidity. We have previously described frontal and temporal lobe abnormalities in obese adolescents with T2DM relative to obesitymatched adolescents without IR (13, 14) . More recently, we demonstrated that non-diabetic obese adolescents with Metabolic Syndrome (MetS) also have poorer academic achievement and lower cognitive performance as well as increased overall cerebrospinal fluid (CSF) volume, reduced hippocampal volumes, and deficits in white matter (WM) microstructural integrity (15) , abnormalities similar to those reported in obese adolescents with T2DM (13) . In MetS the brain volume reductions were still present after accounting for BMI and were being driven by IR.
The present pilot study ascertained whether uncomplicated obesity, namely obesity in the absence of marked IR or a diagnosis of MetS, impacts brain structure and function in adolescents. We predict that adolescents with uncomplicated obesity do not exhibit the gross brain volume changes we have previously reported in T2DM (14) and MetS (15) , and therefore measured more subtle cortical thickness of the overall brain and of the anterior cingulate (ACC) and orbitofrontal cortices (OFC), both of which have been previously implicated in obesity (16, 17) . Additionally, we used diffusion tensor imaging (DTI) to evaluate subtle cerebral WM abnormalities. Based on previous literature and that frontal lobe WM is still maturing during adolescence, we hypothesized that frontal lobe regions would be preferentially affected among obese adolescents without IR.
Materials and methods

Participants and procedures
140 adolescents were screened in a brain study of obesity and IR in youth. Exclusion criteria included Tanner stage <4, significant medical conditions (other than IR, polycystic ovary disease, dyslipidemia, or hypertension), a history of neurological disorders or significant head trauma, psychiatric illness, or substance abuse. All participants, and if <18 years old, a parent, signed informed consent and were compensated for participation. The study was approved by the local Institutional Review Board. For participants <18 years of age, obesity and healthy weight were defined as a BMI of ≥95 th and ≤85 th percentile respectively (18) ; for those ≥18 years of age, adults cutoffs were used (obese, BMI≥30 kg/m 2 ; lean, BMI<25 kg/m 2 ). Hypertension was defined as a systolic or diastolic blood pressure (BP)>90 th percentile adjusted for age, sex, and height for ages≤18 (19) or ≥130/85 mm Hg, for those >18 years of age.
To ensure that we included only adolescents with "uncomplicated" obesity, namely, without T2DM, MetS, or clear evidence of IR (20), we excluded 72 screened participants from the present analysis (52 met criteria for MetS; five did not have enough data to rule out MetS; six did not fulfill criteria for MetS but had IR; seven were overweight by BMI percentile; two were on psychoactive medications). Of the 68 qualified participants without evidence of obvious IR (HOMA-IR≤3.99) (20) , to ensure group matching on age, sex, school grade, socioeconomic status (SES), and ethnicity, we excluded, blind to brain variables, four lean and four obese participants, resulting in a final sample of 30 obese and 30 lean adolescents.
Participants underwent a comprehensive 7-h battery of medical, endocrine, psychiatric, cognitive, and brain MRI assessments completed over two separate days. Participants were recruited through online advertisements or were relatives or friends of other participants.
Neuropsychological assessment
Neuropsychological tests (21) were administered in a standardized fashion postprandially over two 1. (22) , which is associated with obesity and structural brain changes (23) and cognition (24) . A diagnosis of depression was exclusionary, but, to adjust for potential subclinical depressive symptoms on cognition, we administered the Beck Depression Inventory (BDI) (25) . The International Physical Activity Questionaire (IPAQ) evaluated level of physical activity (26) .
MRI acquisition
All participants received standardized MR scans on the same 1.5 T Siemens Avanto MRI System utilizing identical protocols described previously (13) . Briefly, coronal spin-lattice relaxation time (T1)-weighted magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence was used for structural assessments. The axial DTI sequence assessed WM microstructure. The axial T2-weighted sequence was used along with the MPRAGE as anatomical guide in the DTI processing. The axial fast fluid-attenuated inversion recovery (FLAIR) sequence was used to rule out primary neurological disease.
Four obese and two lean participants were without MR data because they could not fit in the scanner or they were claustrophobic. Additionally, one lean participant had significant artifacts on the images, thus resulting in 53 (26 obese and 27 lean) participants with MRI scans for the volumetric and cortical thickness analyses. Of the 53 cases with usable scans, two obese participants had significant spatial distortions from dental braces on the DTI scans, thus leaving 51 (24 obese/27 lean) for fractional anisotropy (FA) analyses.
Manual tracing of regions of interest
All brain volumes were determined blind to participants' identity and diagnosis. We outlined the intracranial vault (ICV) on the sagittal MPRAGE image by following the dural and tentorial margins. Overall CSF space was estimated using an intensity threshold for the CSF portion of the ICV. The hippocampus and the prefrontal region were outlined on the MPRAGE image using our highly-reliable parcellation methods (27, 28) . To account for intersubject variability in brain size, brain volumes were residualized to the ICV volume using linear regression.
OFC GM volume and cortical thickness assessment
We used the FreeSurfer toolkit (http://surfer.nmr.mgh.harvard.edu) to measure cortical thickness from the MPRAGE images. Using the standard options, the MPRAGE image was subjected to intensity normalization, skull-stripping and an affine transformation to Talairach space. A tissue segmentation algorithm was used to separate WM from non-WM, and the results were further optimized using a tesellation process followed by topological correction and smoothing (29) . The cortex was inflated, flattened and registered to a spherical atlas using individual cortical folding patterns point-to-point (30) . A cortical parceling algorithm assigns an anatomical label to each vertex on the cortical sheet (31). We computed GM volumes for the OFC (lateral and medial combined) and ACC (rostral and caudal combined). To account for interhemispheric differences in surface area, we averaged the cortical thickness of the OFC and ACC subregions between hemispheres weighted by their corresponding surface areas.
DTI processing
FA maps were corrected for spatial distortion inherent in echo planar acquisitions and normalized to standard (Talairach) space using the published Automatic Registration Toolbox software (32) . Please refer to Yau et al. (2009) for detailed methods (33) . In brief, the MPRAGE image was manually skull-stripped using the method described above and was then spatially normalized to a standard MNI template using a 3D non-linear algorithm. The T2-weighted image was then skull-stripped and registered to the MPRAGE image through an iterative process. A 2D non-linear algorithm was used to correct for spatial distortions on the non-diffusion-weighted b0 image. Finally, all the transformations were applied to spatially correct and normalize the FA maps.
Statistical analyses
The Shapiro-Wilk Test evaluated data normality. For cognitive variables, values >3 SDs from the respective group mean were excluded. Two-tailed independent samples t-tests (effect size Cohen's d) examined group differences for normally distributed variables; otherwise, the Mann-Whitney U test (effect size r) was used. Univariate ANOVA analyses confirmed whether the observed cognitive differences were not confounded by sleep apnea, subclinical depression, or level of physical activity. The chi square test evaluated categorical variables. Overall CSF volume and all brain measures were residualized to the ICV volume using linear regression to adjust for individual brain size differences. A two-tailed voxelwise ANCOVA (VANCOVA) analysis examined group differences in WM FA with age as a covariate and a WM mask to restrict the analysis to WM regions. We minimized Type I error by restricting the accepted cluster size to at least 100 contiguous voxels (volume >=100 mm 3 ) and by choosing a P-value threshold of 0.005 to keep the false discover rate below 1%. To ensure the validity of our DTI results, we mapped each significant cluster onto the individual normalized FA maps to check for contamination.
Results
The groups were well matched demographically (Table 1) . Obese adolescents had higher BMI and larger waist circumference. All participants had normal fasting glucose levels and all except one obese participant (who had 22.20 μIU/mL but a HOMA of 3.91) had normal insulin levels (< 20.00 μIU/mL), thus as per our definition, no participant had clear evidence of IR, although obese adolescents had significantly higher insulin levels. Obese adolescents had significantly elevated systolic and tended towards higher diastolic BP. Two obese adolescents had been previously diagnosed with hypertension and one of them was on medication, and additionally, one obese and two lean adolescents, all males, met thresholds for hypertension when evaluated in our laboratory. Obese adolescents also had significantly lower HDL (15 obese/7 lean) and higher LDL levels as well as non-significantly higher triglycerides (4 obese/3 lean had elevated triglycerides). Obese adolescents had significantly elevated plasma C-reactive protein (CRP) levels, even after excluding those with values ≥10 mg/dL, who we argue could have an infection or acute inflammation. The groups did not differ on ratings of obstructive sleep apnea, subclinical depressive symptoms, or level of physical activity.
Neuropsychological results
Obese adolescents had lower academic achievement, with statistically significant reductions in arithmetic and spelling skills ( Table 2) . Working memory was the only memory measure that trended lower in the obese group. Mental flexibility measured by Trails B total time was the only executive function that also trended lower. Obese adolescents tended to perform worse on WRAML Attention-Concentration Index and Trails A Test but the groups did not differ on DVT total time. Obese adolescents also tended to score lower on psychomotor efficiency. These cognitive differences remained largely unchanged after controlling for age, sex, self-ratings of sleep apnea, BDI scores, or level of physical activity.
Imaging results
One obese adolescent with an ICV volume 3 SDs larger than the group mean was excluded from brain volumetric analysis but was retained in the voxelwise DTI analyses, which are independent of brain size. As expected, the groups had comparable ICV volume and whole brain cortical thickness and did not differ for any of the ICV-adjusted volumes (Table 3) . Although there were no significant differences in prefrontal lobe volumes, obese adolescents had reductions in the ICV-adjusted cortical thickness of OFC (P<0.05) and ACC (P<0.10), both with medium effect sizes.
In the absence of gross brain volume differences or clinically-significant WM hyperintensities on the FLAIR image, the VANCOVA analysis of the FA maps identified seven significant clusters (1651 voxels or 1.65 cc in volume), six of which showed ageadjusted WM FA reductions among obese adolescents (P <0.005). The clusters showing FA reduction were located, by order of size, in the left temporal stem, right optic radiation, left internal capsule, left splenium, left external capsule, and left optic radiation (see Figure 2 for the largest six clusters). The single cluster showing FA elevation was located in the right prefrontal region and had partial GM contamination. The temporal stem cluster, the largest identified (790 voxels), also had some GM contamination, but given its prominent size, the cluster would have remained the largest and substantial in size even after excluding those potentially contaminated voxels. At a more conservative P-value threshold of 0.001, only the left temporal stem cluster remained significant (373 voxels). These results remained the same even after controlling for sex or hypertension status.
Discussion
To our knowledge, this is the first preliminary report of reduced brain structural integrity and lower cognitive performance among adolescents with uncomplicated obesity. Notably, none of our participants had IR or met criteria for MetS, thus allowing us to examine the brain effects in obesity alone. We found that relative to demographically matched lean adolescents, obese adolescents with no clear evidence of IR had significantly lower academic achievement and trended towards lower scores for selective frontal lobe-based functions. As hypothesized, their memory function was largely unaffected. Also, as anticipated, obese adolescents did not have gross brain volume changes, but rather demonstrated reductions in the cortical thickness of the OFC and ACC, two important regions implicated in eating behaviors and impulse inhibition. Additionally, we uncovered widespread reductions in the microstructural integrity of major cerebral WM tracts.
Obese adolescents, though still performing within the normal range, scored descriptively lower than their lean counterparts on many of the cognitive tests. Similar to prior reports in adolescents with obesity co-morbidities (13, 15) , adolescents with uncomplicated obesity also had significantly lower academic achievement (i.e. arithmetic and spelling). They also tended to score lower on some frontal lobe functions including working memory, attention, and psychomotor efficiency. Mental flexibility was the only type of executive function that trended towards significance. In agreement with our report on obese non-diabetic adolescents with MetS (15), memory functions were unaffected in obese adolescents without IR. It is likely that actual metabolic disturbance, such as IR, is needed to compromise memory.
Obese adolescents without IR, unlike obese adolescents with MetS (15) or T2DM (13), did not have gross brain volume changes. Here we demonstrated for the first time that non-IR obese adolescents had reduced cortical thickness in the OFC and ACC but contrary to prior reports that did not exclude adolescents with clear IR (e.g., 34), we did not find volume changes in those regions. Studies of other disease conditions in adolescents have suggested that cortical thickness is a more sensitive measure of cortical integrity than volume (e.g., 35) as it is more related to GM density. Despite the modest sample size, the DTI results are consistent with our prior reports of obese adolescents with IR (15), and demonstrate FA reduction in major fiber tracts involved in cortico-subcortical as well as interhemispheric signal transmission, and importantly, these observations were independent of hypertension. Notably, our most prominent FA finding was in the left temporal stem, which is consistent with our previous report in adolescent T2DM (13) . This cluster may contain the uncinate fasciculus, a major component of the temporal stem connecting between the frontal lobe and the limbic system, which may in part contribute to deficits in reward processing in obesity (36) . DTI tractography using a more sophisticated DTI protocol with at least 30 diffusion directions would help clarify the involvement of the temporal stem.
Contrary to expectation, we did not find reduced WM microstructural integrity in the frontal lobes similar to those reported in adults. It is likely that more metabolic dysregulation, such as clinically-significant IR, is necessary to impact WM maturation in the frontal lobe of the adolescent brain. Unlike our prior findings in adolescent with MetS (15) and T2DM (13) where we saw no clear lateralization, the current WM findings are mostly left-lateralized. These findings may not be directly comparable to prior data on adults and children since here the obese adolescents have no significant co-morbidities.
Both groups had individuals with obesity co-morbidities (only 4 obese/3 lean with hypertriglyceridemia, 3 obese/2 lean with hypertension, and 15 obese/7 lean with low HDL); however, their links with brain abnormalities are less well-established, particularly in the pediatric literature. We conducted exploratory correlation analyses (data not presented) but did not uncover any robust associations with the cognitive or brain measures. Although marked fasting hyperinsulinemia, or fasting hyperglycemia may be needed to cause gross brain structural damage and functional disturbances, it is possible that sub-threshold IR can contribute to subtle brain structural and functional damage. Our obese adolescents had no clear IR or fasting hyperglycemia but their HOMA-Index or fasting insulin values were significantly higher than lean controls, but these elevations were not associated with our cognitive and brain observations. A more sensitive measure of insulin sensitivity measured using the intravenous glucose tolerance test may shed light on the possible effects of subclinical IR on cognition and brain. Future work should better characterize these associations in an expanded set of adolescents and ascertain for the presence of possible sex effects.
Although we do not anticipate adolescents carrying excess weight to have significant occlusive vascular disease, which is often linked to WM disease in adults, we know that subclinical vascular findings, such as increased carotid intima-media thickness (37) and increased stiffness (38) , have been described in obese adolescents and there is mounting evidence that obesity-associated inflammation is related to cardiovascular disease. We do not have data regarding endothelial function, but as anticipated our obese adolescents had marked elevation in both fibrinogen and CRP levels. It is possible that obesity alone, or when coupled with subtle IR, may increase inflammation and oxidative stress (39) , which in turn contribute to endothelial dysfunction and subsequently impair vascular reactivity, thus diminishing blood supply necessary for maintaining brain structural integrity and function (please see theoretical model presented in Convit [2005] ) (40) .
This study has several strengths. The groups were well-matched to minimize socioeconomic and education bias. We used reliable, validated and sensitive brain assessment methods so as to detect the anticipated subtle changes. The fact that our obese adolescents are free of clinically-significant IR allows us to explore possible associations between uncomplicated obesity and brain structure and function. Furthermore, our controls are not a sanitized group of individuals without any abnormality, but a real world sample: seven had low HDL, three high triglycerides, two high BP, and one with abdominal obesity (but a normal BMI of 21.7 kg/m 2 ). Had our lean adolescents been all metabolically healthy, or the sample size been larger, the group differences would likely have been more prominent. These data are in line with our prior report of progressive reductions of brain structural and functional integrity with increasing MetS factors met (15) . This study is limited by its modest sample size and the relatively large number of comparisons. We minimized the chance of obtaining spurious significant results by removing extreme cognitive outliers and using conservative thresholds in our brain microstructural assessments. Although many of the cognitive differences were subtle and may not be clinically relevant, which we had anticipated in this group of adolescents with "uncomplicated" obesity, these data provide some unique insights into the possible early negative consequences of childhood obesity on brain and cognition, along with indication of future areas of exploration. Thus, we felt justified in not controlling for multiple comparisons in this preliminary report. Lastly, to better understand brain involvement, future studies should include a more comprehensive brain evaluation including direct assessments of the components of the neural networks thought to be involved in obesity.
Conclusions
We conclude that uncomplicated obesity may be sufficient to induce subtle brain structural alterations prior to clinically-significant obesity co-morbidities being present. However, to cause gross structural damage, further metabolic dysregulation, such as marked fasting hyperinsulinemia, or fasting hyperglycemia may be necessary. The present findings are a significant contribution to the small pediatric literature on brain and obesity, particularly among obese adolescents without clear evidence of IR or MetS. These data suggest that early interventions are warranted to protect the brain. Future work should also clarify whether these cognitive and brain alterations are reversible with lifestyle intervention and weight loss. Six of the seven clusters demonstrating significant FA group differences are displayed in order of cluster size (VANCOVA analysis controlling for age; minimum cluster size of 100 voxels; P<0.005; clusters in blue represent FA reductions in obese adolescents whereas positive associations in yellow represent FA elevation). Each column shows three orthogonal orientations of the average normalized structural image illustrating a significant cluster with the axes passing through the centroid of the cluster. The largest cluster, found in the left temporal stem, was the only one that remained significant at a more conservative Pvlaue threshold of 0.001. 
